The treatment for intracranial aneurysm (IA) is socially important because of poor outcome posed by subarachnoid hemorrhage after rupture. Further, the incidence of IAs in general public is high and, indeed, in developed countries many IAs are incidentally found through brain check. However, to date, options for treatment of IAs to prevent rupture are quite limited only to surgical procedures such as microsurgical clipping and endovascular coiling. Taking into account unavoidable risks of complication from surgical interventions and numerous aneurysm careers without treatment, less invasive medical therapies should be established. In human IA lesions, the presence of inflammatory responses, such as expressions of pro-inflammatory mediators and infiltration of inflammatory cells, have been reported, which suggests the involvement of inflammatory responses in the pathogenesis of IA. Recent experimental studies using rodent models have revealed the crucial role of inflammatory responses mediated by NF-κB activation in IA formation and progression and supported the notion that IA is an inflammatory disease affected intracranial arteries. To find out a candidate drug for IA treatments, the effect of several drugs with anti-inflammatory and anti-NF-κB actions on IA progression has been examined using rodent models and revealed the excellent inhibitory effect of statins (HMG-CoA reductase inhibitors) on IA progression. Based on these findings, the case-control study was recently carried out enrolling patients with unruptured or ruptured IAs to examine the effect of statin usage on rupture. This study revealed the significant differences in the ratio of statin usage between two groups and notably the remarkable reduction of risk of rupture of pre-existing IAs under statin usage at the adjusted odds ratio of 0.30. Recent laboratory and clinical studies make considerable achievement toward the future development of drugs for IA treatment and especially suggest the potential of statins as a candidate.
Introduction
Recent advance in medical technology greatly contributes to improving the outcome of various diseases including intracranial diseases. However, even today, subarachnoid hemorrhage still poses a high risk of mortality and severe morbidity despite intensive treatments [1] . The cause of subarachnoid hemorrhage is, in most cases, rupture of pre-existing intracranial aneurysm (IA), a lesion with regional bulging of intracranial arteries histologically characterized by the disrupted internal elastic lamina and the degeneration of media. IA is a common disease in general public with prevalence between 1 to 5 percent [2] [3] . Indeed, many IAs are incidentally found before rupture through imaging tests by CT or MRI in developed countries. However, to date, there is no medical treatment available for these incidentally found IAs except for surgical procedures, microsurgical clipping and endovascular coiling, to prevent rupture and resultant subarachnoid hemorrhage [4] - [6] . Considering the social loss due to a resultant subarachnoid hemorrhage after rupture, unavoidable risk of complication in surgical procedures and the high incidence of IAs, a new medical treatment for preventing rupture of pre-existing IAs should be developed.
In this review, we briefly summarize the proposed mechanisms underlying IA formation especially focused on NF-κB-mediated inflammation and discuss its potential as a therapeutic target for treatment. Further, we introduce the future prospection for the development of drugs for IA treatment.
NF-κB as a Potential Therapeutic Target for IA Treatment
Amounts of studies from human specimen have been done and revealed the presence of inflammatory responses, such as expressions of pro-inflammatory factors and infiltration of macrophages, in IA lesions suggesting the involvement of inflammation in the pathogenesis of IAs [7] - [17] . Further, experimental studies mainly using animal models [18] [19] , in which IAs are induced by increase of hemodynamic stress through one side of carotid ligation (this procedure increases blood flow at contralateral side in intracranial arteries) and induced hypertension, have clarified the involvement of active and long-lasting inflammatory responses in the pathogenesis of IA formation and progression and supported the findings from human studies [11] [20]- [27] . In these series of studies, the crucial role of nuclear factor-kappa B (NF-κB) in IA formation and progression have been clarified and the potential of NF-κB as a target for drug development of IAs is highlighted [22] [23] . NF-κB is a master transcription factor regulating expressions of various pro-inflammatory genes and some of these NF-κB-regulated genes mediate inflammatory responses observed in IA lesions and contributing their pathogenesis such as IL-1β [28] , matrix metalloproteinase (MMP-9) [21] , cyclooxygenase-2 (COX-2) [24] and monocyte chemoattractant protein-1 (MCP-1) [20] [25] . In IAs, NF-κB is first activated in endothelial cells of intracranial arteries presumably through high wall shear stress [22] , a putative trigger of IA formation [29] - [31] , loaded on bifurcation sites of intracranial arteries where IAs develop in most cases. NF-κB, then, transcriptionally induces various pro-inflammatory genes in endothelial cells and, among them, MCP-1 is presumably most critical for IA formation [20] [25] . MCP-1 recruits macrophages in arterial walls and contributes to the exacerbation of macrophage-mediated inflammation mediated by a large amount of pro-inflammatory factors secreted from these cells such as cytokines like IL-1β and proteinases like MMP-9. In macrophages, NF-κB is also activated and functions through regulating production of pro-inflammatory factors [22] . The critical role of NF-κB in the pathogenesis of IA formation and progression is clearly demonstrated from animal studies, in which the deficiency of NF-κB p50 subunit in mice or the inhibition of transcriptional activity of NF-κB by the use of decoy oligonucleotides [32] in rats significantly suppresses IA formation and progression through inhibiting inflammatory responses in lesions [22] .
Stains as a Potential Therapeutic Drugs for IA Treatment
Recent experimental studies using animal models have proposed drugs with anti-inflammatory effect especially anti-NF-κB effect as potential therapeutic tools for IA treatment. Hydroxyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, known as statins, are widely used as cholesterol-lowering drugs. In addition to their excellent cholesterol-lowering effect, statins have the potent anti-inflammatory and especially anti-NF-κB effect, well known as "pleiotropic effect of statins" though precise mechanisms underlying their anti-inflammatory effect are not clear [33] [34] . In IAs, the administration of statins to rodent model elicits the beneficial effects [35] - [37] though only one report demonstrates the deleterious effect on IA progression [38] (Table 1) . Three kinds of statins orally administered to rat model of IAs, pravastatin [35] , simvastatin [36] or pitavastatin [37] , significantly suppress the formation, progression or enlargement of induced IAs, independent of their cholesterol-lowering effects (Table 1) . Furthermore, statins can effectively suppress the further enlargement of pre-existing IAs in these models [36] [37] . In IA lesions, statin treatment significantly suppress inflammatory responses including NF-κB activation and subsequent expressions of pro-inflammatory factors as expected [36] [37]. One report demonstrates the exacerbation of apoptosis in IA walls and acceleration of IA progression by "high dose" pravastatin and simvastatin treatment in rat models [38] , in opposite from results of other studies [35] - [37] . Because in this report, "low dose" pravastatin reduces endothelial cell damage in intracranial arteries in vivo and consistently, treatment of this drug in cultured endothelial cells dose-dependently increases eNOS expression and suppresses ICAM-1 expression in vitro, pravastatin has the protective and anti-inflammatory effects on endothelial cells [38] . Therefore, the deleterious effect of pravastatin and simvastatin may be due to the effect of these statins on other type of cells or depend on the dosage in lesions, although we cannot discuss the latter possibility because of the lack of data regarding serum statin concentration. Further, usage of different sexes in rat models used in these studies, male in [36] [37] and female in [38] , may explain the differences.
Given the established safety of statins in humans and the excellent inhibitory effect on IA progression in rodent models (Table 1) , statins may be promising drugs for IA treatment to prevent the progression and rupture in humans, and some other compound also can suppresses IA progression in rodent models mainly through their anti-inflammatory effects [39] - [43] .
Effect of Statins on IAs in Human Cases
Regarding the incidence of IAs, one single-center case-control study demonstrates the independence from statin usage [44] . Total 300 IA patients (cases) and 900 controls were enrolled in this study and the association of statin usage with the incidence of IA was statistically analyzed [44] . Because in this study hypertension and smoking, which are established risk factors for IA development [45] - [47] , were pick up as factors positively associated with the incidence of IAs with the odds ratio of 4.02 and 1.67, respectively [44] , this study was appropriately done and results obtained seem to be authoritative. As statin usage had no effect on the incidence of IAs [44] , statins do not appear to influence IA formation.
As for rupture, the most serious event relating IAs, a recent hospital-based case-control study has implicated the potential of statins as drugs to prevent rupture [48] (Table 2) . In this study, 117 patients with ruptured IAs (subarachnoid hemorrhage) (cases) and 304 patients with unruptured IAs (controls) were enrolled from 15 institutes in Japan [48] (Table 2) . Background characteristics of patients enrolled including age, sex, family history of subarachnoid hemorrhage were not different [48] . Because size of IAs and current smoking are properly identified as factors related with rupture of IAs consistent with previous report [46] [47] [49] [50] ( Table 2) , the results from this case-control study seems to be reliable. In this study, stains were used in 9.4% of cases (11/117) and 26.0% in controls (79/304) and usage of statins between two groups reached statistically significant (p < 0.001) [48] (Table 2) . Further, if the relationship between statin usage and rupture of IAs was analyzed after stratifying the data by serum cholesterol level, statin usage still inversely correlated with the risk of rupture of IAs in patients with serum cholesterol level of over 130 mg/dL [48] . Using logistic regression analysis, the usage of any statin was inversely correlated with rupture of IAs at the adjusted odds ratio of 0.30 [48] . Meanwhile, in this study, the protective effect of non-steroidal anti-inflammatory drugs on rupture of IAs was not shown (p = 0.39) unlike the previous report [51] though exact reason of discrepancy is not clear.
From these studies, the potential of statins as therapeutic drugs for preventing rupture of IAs have been proposed. In this sense, statins may be a good candidate of drugs for patients with unruptured IAs and concomitant hypercholesterolemia. However, because statins can decrease serum cholesterol level even in healthy person through their potent cholesterol-lowing effect and hypercholesterolemia is not a risk factor of IAs, the safety of statins on patients without hypercholesterolemia, a major part of patient with IAs (about 74% of patients with IAs from our study), is needed be established to warrant further randomized placebo-controlled study. Aortic aneurysm is another category of aneurysm, characterized by the ectasia of aorta through the degenerative changes of aortic wall. The beneficial effect of statins through their pleiotropic anti-inflammatory effect is somewhat controversial even today [52] - [54] and, therefore, a high quality randomized control study should be done given the social loss due to this disease, same as a case in IAs. Under these circumstances, recent metaanalysis on the effect of statins on the enlargement of aortic aneurysm reported the beneficial trend of statin usage to prevent the enlargement [55] . Based on these findings together with those from IA researches, statins may be a good candidate of drugs for aneurysm treatments.
Conclusion
IA is a chronic inflammatory disease in intracranial arteries mediated by NF-κB activation. Suppression of inflammation is, therefore, a reasonable strategy for IA treatment to prevent enlargement and rupture. Statins may be promising drugs for IA treatment through their potent anti-NF-κB effect.
